The reversible process of self-assembly involving the rheological motion of 2-dimensional nanosheets with the aid of water molecules was studied for saponite inorganic layered nanoparticles by dilatometry and positronium lifetime spectroscopy. The two nanosheet insertion type local molecular structure, dominant in the dehydrated state, was not fully reproducible upon dehydration for the self-assembled sample. The two nanosheet insertion type local structure could thus disappear when saponite goes through self-assembly several times. It was furthermore found that a local structure with a void size slightly larger than that in the two nanosheet insertion type structure exists before self-assembly. This structure, presumably due to curved nanosheets, is metastable and gradually disappears during self-assembly.
Introduction
2-dimensional (2D) nanosheets in inorganic layered nanoparticles spontaneously agglomerate with well-defined local structures through their mutual interactions with the aid of H 2 O molecules [1, 2] . This agglomeration process is called self-assembly of 2D nanosheets. Based on our recent findings by positronium (Ps) annihilation spectroscopy together with molecular dynamics (MD) simulations, the following rheological mechanism has been proposed for saponite layered nanoparticles [3] . Before self-assembly saponite nanoparticles possess two kinds of local molecular structures, where one and two nanosheets are inserted into the interlayer spaces forming voids with sizes of ∼0.3 nm and ∼0.9 nm, respectively. H 2 O molecules trigger off the self-assembly of saponite nanoparticles. H 2 O molecules adsorbed on the Na + cations in the interlayer spaces act as a lubricant, causing the rheological motion of nanosheets parallel to the layer direction. One of two nanosheets inserted into the interlayer spaces are thus released away. The local molecular structures with larger voids are gradually altered to those with smaller voids which become dominant for the self-assembled saponite nanoparticles.
It has been found that the above-mentioned two nanosheet insertion type local molecular structure, referred to as type B, appearing during self-assembly is associated with a number of global environmental issues [4] [5] [6] . For example, the characteristic local structures as a nanosheet edge and a wedge-shaped frayed part available in the voids of type B are responsible for site specific Cs adsorption [4, 5] . Pore fluid in this local structure has been suggested to be related to earthquake slip weakening in plate-boundary faults [6] . In the present study, the reversibility of self-assembly involving the rheological motion of 2D nanosheets with the aid of H 2 O molecules was studied for saponite inorganic layered nanoparticles by means of X-ray diffraction (XRD), dilatometry (DLT), and Ps annihilation spectroscopy. We focus particularly on the reversibility of the type B structure upon dehydration of the self-assembled state. The gradual disappearance of the metastable local structure with self-assembly is also explored.
Experiments
Synthetic Na-type saponite samples with a particle size of approximately 45 nm in diameter (54.71 % SO 2 , 5.02 % Al 2 O 3 , 0.03 % Fe 2 O 3 , 30.74 % MgO, 2.15 % Na 2 O, 0.07 % CaO, 0.67 % SO 3 , 6.64 % H 2 O) produced by Kunimine Industries Co. Ltd., Japan were employed in this study. XRD measurements were conducted for the following three samples: as-received powder, a pellet prepared by uniaxial compaction, and powder after baking at 423 K for 12 h in vacuum of 10 −3 Pa.
Length-change measurements were performed for the uniaxially compacted pellet samples with a high-precision differential-type dilatometer (TD5020SA, Bruker AXS) equipped with a closedwater-cycling system. The dilatometer system is fully cooled, keeping a constant temperature with high thermal stability and thus preventing temperature overshoot and runaway, which enables us to perform long-term measurements [7] . The pellet sample was initially dehydrated at 423 K for 12 h in a vacuum of 10 −3 Pa, and was then exposed to a humidity of ∼35 % at a temperature of ∼300 K, where time-dependent data were obtained (1st measurement run). After completing the length change, the sample was dehydrated under the same baking condition in vacuum, and was exposed again to the same humidity and temperature, where time-dependent data were again obtained (2nd measurement run).
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where R 0 = R + ΔR, and ΔR = 0.166 nm is the thickness of homogeneous electron layer in which the positron in o-Ps annihilates. The positron source ( 22 Na) was sealed in a thin foil of Kapton and was buried in the sample powder, which was prepared with the same conditions as described above for the DLT measurements of the pellet sample. The time-dependent data of the 1st and 2nd measurement runs were obtained every 45 min under the same conditions as that of DLT. The validity of our lifetime measurements and data analysis was confirmed with certified reference materials (NMIJ CRM 5601-a and 5602-a) provided by the National Metrology Institute of Japan, National Institute of Advanced Industrial Science and Technology (AIST) [10, 11] . Positron lifetime spectra were numerically analyzed using the POSITRONFIT code [12] . Figure 1 shows XRD patterns observed for samples with powder (bottom), pellet prepared by uniaxial compaction (middle), and powder after baking in vacuum (top). The diffraction pattern of the powder sample is of typical 2 : 1 layered structure of saponite nanoparticles characterized by (020), (004), (130), (310), and (060) peaks. This demonstrates that the 2D nanosheets are periodically ordered. No significant narrowing and peak shift are however observed in the diffraction patterns of the pellet (middle) and vacuum baked samples (top). It is expected that narrowing of diffraction peaks should occur for the pellet sample because 2D nanosheets are stacked with a well-ordered state. On the other hand, a peak shift is expected for the sample after baking in vacuum because the interlayer space shrinks due to removal of H 2 O molecules by dehydration. The lack of significant narrowing and peak shift imply the difficulty of probing the variation of basal spacing caused by ordering of 2D nanosheets as well as dehydration, which are responsible for self-assembly. It was not possible to observe the reversible process of local molecular structure change during self-assembly by XRD. Figure 2 shows length changes as a function of exposure time obtained in the 1st and 2nd measurement runs. The length change increases with increasing the exposure time both in the 1st and 2nd measurement runs. As mentioned above, the present saponite nanoparticles were uniaxially compacted forming a pellet for the length-change measurements with DLT, in which the 2D nanosheets are well ordered perpendicularly to the compaction direction. H 2 O adsorption in the interlayer spaces locally expands the basal spacing as has been assessed by XRD under controlled relative humidity conditions [13] . The increase of macroscopic length change with exposure time is thus caused by an expansion of basal spacing.
Results and discussions
It is seen from Fig. 2 that the increases in length is largely suppressed in the 2nd measurement run. Our previous Ps lifetime spectroscopy results with MD simulation has revealed that the two-nanosheet insertion type local molecular structure, so-called type B, is dominant before self-assembly, whereas the one-nanosheet insertion type local molecular structure, so-called type A, is dominant for the selfassembled sample [3] . Expansion of the basal spacing in type A is smaller than that of type B, because one nanosheet is inserted into the interlayer space. The suppression of macroscopic length change in the 2nd measurement run is thus a consequence of less expansion of basal spacing in the ordered state with stacked 2D nanosheets, in which type A is initially dominant, owing to sufficient self-assembly during the 1st measurement run. Of importance here is that the type B local molecular structure is not fully reproducible after the 1st self-assembly even though the sample was dehydrated again before the 2nd measurement run.
The irreversible nature of the type B structure can also be inferred from the time-dependent oPs lifetime τ 4 and corresponding relative intensity I 4 in the 1st and 2nd measurement runs shown in Fig. 3 . In the 1st measurement run, both o-Ps lifetime τ 4 and relative intensity I 4 decrease with exposure time up to 240 h. This is much longer than those of the hydration processes observed by solid-state nuclear magnetic resonance (NMR) spectroscopy and the gravimetric measurements, going only up to 8 h, as detailed in our earlier works [2, 3] . It is thus expected that the decrease in the o-Ps lifetime τ 4 and relative intensity I 4 is caused by the release of one nanosheet in type B changing to type A due to self-assembly. For the 2nd measurement run the relative intensity I 4 at an exposure time of 0 h is significantly lower that of the 1st measurement run, signifying that type B is not fully reproducible, consistent with the results of DLT experiments. In addition, the o-Ps lifetime τ 4 is lower than that of the 1st measurement run at an exposure time of 0 h. This gives additional information on the local molecular structure after the 2nd dehydration, which possesses voids slightly smaller than that in type B. In other words, the local structure with the void slightly larger than that in the type B exits together with type B after the 1st dehydration.
In the light of the fact that the relative intensity I 4 in the 2nd measurement run coincides with that of 1st measurement run around 200 h, the local molecular structure identified above would be metastable. MD simulations have speculated that the stationary structure of 2D nanosheets has a curved shape under external stress [14] . Such a curved nanosheet existing before self-assembly could form a local structure with voids slightly larger than that in type B. The curved nanosheets become flat slowly together with the rheological motion of nanosheets parallel to the layer direction, by which the above-mentioned local structure disappears. On the one hand, the type B local structure dominantly existing before self-assembly is found not to be fully reproduced by dehydration after self-assembly.
Presumably, type B would completely disappear even immediately after dehydration if the sample goes through the process of self-assembly several times.
Conclusion
In order to study the reversibility of self-assembly involving the rheological motion of 2D nanosheets with the aid of water molecules in saponite layered nanoparticles, well self-assembled samples were dehydrated and then exposed to humidity for re-self-assembly. Molecular process of the 2D nanosheets was investigated by XRD, DLT and Ps lifetime spectroscopy. XRD studies focusing on the basal spacing were found to be unsuitable for probing the reversible process of local molecular structure with self-assembly and dehydration. DLT and Ps lifetime spectroscopy successfully demonstrated that the two nanosheet insertion type local structure, which is dominant before self-assembly, was not fully reproduced upon dehydration for the self-assembled sample. This local structure could thus gradually disappear with increasing numbers of self-assemblies. Furthermore, it was found by Ps lifetime spectroscopy that a local structure with voids slightly larger than that in two-nanosheet insertion type structure exists before self-assembly. This structure, presumably due to curved nanosheets, is metastable and gradually disappears during self-assembly.
